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INTRODUCTION

Review

In the December, 1963 Interim Report,[l]* the basic analysis and
design configuration for a new method of spacecraft temperature control
was presented. The basic configuration described is shown in Fig. 1.
The fins are bimetallic strips which change their radius of curvature
as a function of spacecraft skin temperature, which is a function of
solar azimuth and zenith angles. This change in curvature effectively
regulates the average « /e ratio of the surface which is sufficient to
provide active control of Ehe spacecraft temperature [1]. The descrip-
tive parameter which is used to determine the thermostatic surfaces
effectiveness is e'

2
where t
L Gs
T = 1 = o _
e,y 1 /GTS ¢ T 9% cyTSE (1)
in which 5
q" is the net radiation heat flux for the surface Btu/hr-ft L
o 1is the Stefan-Boltzman constant .1714 x 10 ® Btu/hr—fthR
T, is the temperature of the surface (°R)
e, is the average terrestial emittance of the surface
®g 1s the average solar absorptance of the surface
Gg is the solar irradiation

This parameter e', was evaluated for fin height to spacing distance

ratios of .667, 1, and 2 inches/inch assuming that the fin lengths were
infinite in extent, and nonemitting. Monochromatic analysis, on the
spectral properties of the fin and spacecraft skin materials, was used

to determine e, and og. [1]

*
Numbers in brackets refer to the bibliography listed at the end
of this report.
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For this report, the analytical work was extended to include the
case of finite length surfaces with either emitting or nonemitting fins.
In addition to the basic analytical work, an integrating sphere reflec-
tometer was constructed so that the reflective properties of the thermo-
static fins could be measured. Also, a full size model of the spacecraft
surface system was designed and is presently under construction. This
model was designed for testing in a space simulator at Goddard Laboratory.
A test model of the surface is shown in Fig. 2.
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ANALYSIS

Calculation of Effective Reflectance of a Finite
Length Groove with Specular Sides and a Diffuse Bottom

Assumptions 1) Specular Vertical Walls
2) Diffuse Horizontal Base
3) Finite Length Grooves with Open Ends
4)  Azimuth Angle of Irradiation Perpendicular
to the Walls,
5) Solar Irradiation, i.e., parallel rays
incoming from the sun

Since the surface is assumed to be irradiated by parallel rays
from the sun, such that the azimuthal angle with respect to the wall
is zero, a certain fraction of the incoming energy will be absorbed
by interreflections between the specular walls, the number of reflec-
tions being a function of the solar polar angle ¢ and the height to
width ratio H/W.

1B 1
| 1 2

Figure (3)




Due to multiple reflections from the specular walls, the base is
irradiated in two discrete sections. This is illustrated in Fig. 3.
Since the total energy leaving the system is the quantity required

in the calculation, the energy leaving due to each of the two discrete

areas, Ao-x and A , can be calculated separately and then summed.
0 o=y . , I

Since the areas are g%ometrically similar, the irradiation of the areas

can be expressed mathematically.

When placed in a solar enviromment with solar polar angle ¢ between
arctan (mW/H) and arctan (oW/H), where (m,n) = (0,1),(1,2) . . .

(m,mtl), . . the irradiation of areas A _x = x D and A = y D are
respectively: o 0 o=¥, °
_ m 2
I, =8 cosg (pw) Btu/hr-ft (2)
o]
= n 2
I, =8 cosg (pw) Btu/hr-£ft (3)
0
where S = the solar constant LL2 Btu/hr-ftz,

cosp accounts for the reduction in projected area which receives the

m . \

sun's energy and accounts for the ener absorbed in the successive
Py gy

reflections.

The radiosities of A and A are:
o™X o~y
)
o
Jx - Pp Ix (h)
0 0
J = I
y pb Vs (5)
o)
Pey = the reflectance of the wall material
Pp = the reflectance of the base material.

Effective Reflectance

The effective reflectance of the spacecraft surface is defined as
the ratio of the energy which finally escapes from the surface to the
energy which originally struck the surface. The energy which escapes

is equal to the sum of the radiosities of the two sections, A and
o=X

Ao-y minus the fraction of this energy which is absorbed by the wall
matefial. This is because the base does not see itself or any of its
images in the vertical walls of the groove. With this assumption,

6




A, J (-0 F  )+A 3 (L-a F__)
X w X =W -
= XO o o) yo yo v yn v ( 6 )

Pe WDS cos ¢

or in terms of the irradiation

A I (1 -a F )+a I (1o E, —w)

X WX -w y 'y
= o) o) 0 fa) Q Q.
pe/pb WDS cosgp
(7)
where Fx - the fraction of the energy leaving Ax which is
° incident upon the walls of the grooveoincluding
energy which has undergone multiple reflections
between the walls.
W = the distance between fins
D = the length of the groove.

Fig. 4 illustrates how the multiple reflection by the specular walls
cause the incident energy on the walls to appear to come from an infinite
series of virtual images of the base in the walls.

1 2
Xo Xo Xo Xo Xo2 Xo2
Figure (4)

is then composed of both direct radiation and reflected

radiation The amount of reflected radiation being dependent not only
upon the geometric configuration of the groove but also upon the reflec-
tance of the specular walls.

FX W is given by the formula:

o)

= + F +
Fx -w Fx -1 x -2 pW(Fx'-l + Fx'-2)

o] o (o} o] [o]
+ 2(F + F ) +
I N - L
(o] [o]
_m n
“n&o P FxPo1 T Fyn ‘1) (8)
o 0



wherein the individual view factors on the right hand side are
calculated by means of geometric flux algebra according to the
geometry of Fig. 5.

TOTAL OPEN SURFACE A,

Figure (5)

FIRST VIRTUAL IMAGE
OF Axo'N SURFACE |.

For example

Bowfou-2 ™ Pou-x F(2w-x)-2 (9)
F = Q 0 9
x'-2 Al
) %
where
A, = 2WD
A2w-xo = (2w - xO)D
and
_ L -1, 1 -1,_1
Fon = TTL<L1:an () *+ N tan "(—)
2 -1 1 (10)
- N + L° tan ———
e T 12
N7 L 2 N2
2
s Lo oty (e | [2Pan® of) | [Poa® + o8
h e|_1+N2 + 12 (1+12) (12+2) | | (1482) (17 + ¥°)

in which L = and B = , see reference [2]. The results of these
calculations are shown graphically in Figs. 6 and 7.




Calculation of Effective Emittance Factors

If the fins are assumed to be at O°R, the effective emittance of

the surface is equal to the emittance of the base

the energy emitted which is absorbed by the walls.

given by the reflectance ratio pe/pb evaluated at

less that fraction of
This quantity is
a solar polar angle

of ¢ = 0 for any given wall reflectance. This is easily seen from the
following manipulation of Eq. (6).
At ¢ =0, v =0,
)
WwJ_ (1L-a F )
X W X -w
d therefore = 2 2
an Pe S(cosg) WD
but Jx =8
o Pb
thus Pe = pb(1 - % Fx -w) (11)
]
and Pe
=1-oayF at ¢= 0
b X -w ? (12)

By definition the effective emittance factor of the surface is the
energy leaving the surface because of the thermal emission of the
surface divided by the black body radiation at the surface temperature.

So eet = VEyg
i L L
where q = eefAb ch = ebAb ch - ebAb c‘l‘b ozw Fx v
o
Pe
thus e = eb(l - o Fxo-w) = ey o (13)
=0
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If the fins are at the same temperature as the base then their
emission must be taken into conmsideration also.

The equation for the heat lost from the finite length thermostat
surface with fins at the temperature of the base becomes:

- 4 b

I T 2% Faa)r T A% T Fleour ()
_ by b
= el Ay = 2Ae,0T [1 " Fo% = Faz®% = Fop,

-o, F_ (1 -F + e A oT F
oy Fo1 (b-k)T ¥ €1 (b-L)T (15)
A
et - 2 A, 2 [ R R e = przl(l'F(b-h)T)]

* e (p-l)T

(16)

where F__ and F2 are the fractions of energy from 2 directly incident

22 3
upon 2 or 3 plus the energy incident due to multiple reflections. The
other F factors are similarly defined. This results in F25 = F32’

F22 = F53, and sz = F3b by symmetry.

Some of the configuration factors are known from the previous calcu-
lations for effective reflectance.

Fp-nyr = 1 7 2F (poyr (17)

where F(b-2)T is known from Eq. (8) in which x° = Wat 9= 0. By

reciprocity
AF (b-2)T T A2F (2-b)T (18)

A

Fle-v)r A, F(b-2)T (19)

The view factor F 5 hgT is a little harder to calculate, It involves

the calculation of a view
is as follows:

actor between specular surfaces. The procedure

12




From the geometry of Fig. 8,

L=Feoayr ¥ Fres)r ™ Fre-o)r ¥ Fle-n)r

F is known from the previous calculation and ng'5gT is the
um” of

sum of 'the’first direct view factor from 2 to 3 plus the the view
factors from the virtual images of 2 in 2 to surface 3, each multiplied
by o D where n is the number of reflections each virtual image must

W
undergo.

F(2-2)T is the sum of the view factors from the virtual images of
2 in 3 to surface 2 multiplied by pwn'

_ 2 b
Then Frp vy = Fpz 0y, Fou_s * +.. . (20)

o /?ﬁ
7/ /
Ve 7/ 4
'L/ /
/
7/ Ve

Figure (8)

S F o .. (21)

and Frp oyr = Py Farep T 0y Fom o

Where the view factor between any two parallel opposing images has
the value

2 2
2 (H+x7) (1+y) y’ 2 -1

B e—— +
F2n-5 - {loge 5 o 1+x= tan y

1+x +y /\/l+x2 (22)

- -1 -1
+ 1+y2 tan 1 X - y tan (y}-x tan (Q}pwn
l+y2
in which

X = D and Y = H [2] (23)

15



The effective emittance factor as calculated from Eq. (16) is
shown in Figs. 9 and 10.

Once the effective reflectance ratio and emittance factor for a
particular fin configuration is known it is possible to calculate the
monochromatic reflection characteristics of the surface as a function
of solar polar angle and also calculate the monochromatic emittance
factor of the surface. The effective monochromatic reflectance and
emittance factor curves are different because the surface is irradiated
specularly while it emits diffusely.

The equations for the calculation of reflectance and emittance
factor are from the well known relations

o () = (oh)
®E_, d\
Jo Eba
| eef, Epydh
e £ = Jjgo A (25)
e J E , d\
o CbA

in which E_, is Planck's distribution function evaluated at 10,460°R
to simulate”solar irradiation in Eq. (24) and is Planck's distribution
function evaluated at 585°R for emittance in Eq. (25).

1 K-S
B, = ——— (26)

(&
. 2/Tk-1

The integrated reflectance and emittance factors calculated from Egs.
(2k) and (25) are shown in Fig. 11.

1k
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Calculation of e'r

Assumptions 1) The fins always remain vertical
2) The fins are uniformly at the base temperature
whether emitting or not
3) The slit between the adjacent thermostatic strips
which form a fin is black
L4} The base surface emits and reflects energy diffusely
5) The fins can emit diffusely and reflect specularly

The net heat flux from the spacecraft will be given by a modified
form of Eq. (1) which takes into consideration the change in solar irradia-
tion with solar polar angle and the changes in solar absorptance and sur-
face emittance with temperature and solar polar angle

o' (@)T,) = e(T) - o (p,1)) 2p 0 (27)

One can see in Fig. 1 how the incoming energy from the sun can strike
the surface and 1) enter the groove between the fins, 2) enter the slit
formed by the adjacent thermostat elements, or 3) strike the top of the
fins, The areas of the first two depend upon the temperature of the space-
craft surface because of the thermostatic action of the fins,

The horizontal displacement of the top of one thermostatic element
will be

(115 x 107) (1, - 1,) B°
d= (28)
t
where t is the thickness of the thermostatic element
T,-T, is the temperature change of the fin in °R
H is the height of the fin
d the displacement in inches.

Thus, the slit area is directly proportioned to 2d.

The area of the groove is equal to the total area minus the area
of the slit and fin top. The ratio A / is the fraction of the surface
which will allow the incoming radiation t6 strike the white base.

- 2
Ag ot 2(113 x 10 7) (T, - T))H

r’r—c—)-;zl-w+2t i t(w + 2t) (29)

where w = distance between fins.

17
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The area of the slit A L is simply the distance between the
adjacent thermostatic elemen%s.

- 2
A _ 2(133 x 10 7) (T, - T))H

Aot t(w + 2t) (30)

The area of the top A
thermostatic element.

Apop _ ot

Apgr w2t (31)

TOP is equal to twice the thickness of the

Eqs. (29,30,31) are fractions of the total area which have the
radiant characteristics of the slit, groove or thermostatic fin top.
The effective emissivity of the surface will, therefore, be equal to
the sum of the emissivities of the three areas times their area
fractions.

e = ATOP e + ﬁQL_ e + —ﬁg—— e
e Anr TOP  Apgr SL - Apgr G (32)
and similarly for absorptance.
A A
ATOP SL G
s Ao %rop Ao SL T Ay, %

In the calculations which were made for this report, the following
assumptions were used in the evaluation of e, and og-

1) e = q = .1 independent of temperature

2) e = 1.0, independent of temperature

SL %L
3) eg = £(pps pw) = constant

LY o, =1 - pe(@), independent of temperature.

The last three assumptions are quite good when the temperature of
the surface deviates only a few degrees from the temperature (T,) at
which the fins are perpendicular to the white base surface. HoWever,
as the surface turns away from the sun and gets colder, the opening
over the white groove becomes smaller and its emittance and absorptance
both approach one. At the same time, the slit is opening exposing a
metallic surface to space decreasing its emittance and absorptivity.

19
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For this reason, Egs. (32) and (33) are only good up to a solar
polar angle of about 80°. e'r as calculated from Eq.(27) is
shown in Figs. 12,13,1k, and 15.

Experimental Phase of Project

The experimental phase of this project consists of the testing
of a full scale model of the thermostatic spacecraft in a space
simulator surface and the measurement of the reflectance properties
of both the fin material and base material,

Description of Model

The model consists of a 12" x 12" x l/g'aluminum plate on which
5 rows of 2" long fins are mounted so that they are perpendicular to
the surface and stand 2" apart. The aluminum base material is painted
with Cat-a-lac white epoxy paint. (See Fig. 16).

Directly behind the sample surface is a heater which is used to
maintain a specified heat flux through the surface. The sample surface
and heater combination are insulated on the sides and rear such that
the heat transferred is assumed to travel only through the sample surface.
Provisions are made to measure surface and heater temperatures with iron
constantan thermocouples and the heater power dissipation with a wattmeter,
The sample will be placed in a solar simulator and the temperature of the
surface measured as a function of solar polar angle and heat flux.
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Figure (16)
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Integrating Sphere Reflectometer

In order to determine the monochromatic reflectance characteristics
of the thermostatic fin material and the base coating an integrating
sphere reflectometer was constructed, Fig. 17. The integrating sphere
is based on the principle that the view factor from any point on the
white, diffuse wall of the sphere (a) to the detector (b) is the same
as from any other point to the detector. Thus, a detector placed in
a position underneath the sample (c) "sees" and registers in proportion
to the amount of energy reflected from the sample onto the sphere wall.
When the sample is removed from the path of the incoming beam, then the
wall is illuminated directly (d) and the detector registers in proportion
to the amount of energy which was incident upon the sample. The reflectance
is then the ratio of the two detector outputs. The sphere should yield
values correct to 1 %. A complete error analysis and description of the
many uses of the integrating sphere is given in Ref. [3]. Measurements
made on the fin material are shown in Fig. 18.

Figure (17)
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RESULTS

From the information contained in Figs. 12-15 the spacecraft
equilibrium temperatures were calculated which would yield a net heat
loss of 37.5 Btu/Hr—Ft of spacecraft surface. The surface temperatures
obtained for both hot (emitting) and cold (nonemitting)fins are shown
in Figs. 20 and 21. The dashed line in these figures represents an
approximation to the correct equilibrium temperatures which will be
obtained when the walls have deviated from their vertical position so
that the emittance of the slit is low and the emittance of the groove
is higher than was calculated by Eq. (16). It is also apparent that
there was little difference in the equilibrium temperatures obtained
with either hot or cold fin and D/H ratios of 5 or 25. This indicates
that conduction effects and end losses can be ignored for evaporated
aluminum fins and D/H ratios greater than 5.

CONCLUSIONS AND RECOMMENDATIONS

The analysis shows that short fins still provide adequate control
of spacecraft surface temperature., It is recommended that a design
procedure be devised which would yield H/W ratios, fin reactiveness,
fin height, and surface coatings based on mission program, heat dissi-
pation requirements and temperature excursion limits.
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